The role of cullin E3-ubiquitin ligases for muscle homeostasis is best known during muscle atrophy, as the cullin-1 substrate adaptor atrogin-1 is among the most well-characterized muscle atrogins. We investigated whether cullin activity was also crucial during terminal myoblast differentiation and aggregation of acetylcholine receptors for the establishment of neuromuscular junctions in vitro.
Introduction
Skeletal muscle mass represents up to 40% of the young adult body weight. Its maintenance is regulated by the equilibrium between muscle growth or physiological hypertrophy and muscle atrophy, which is reflected on the cellular level by the balance between protein synthesis and degradation. While hypertrophy relies mainly on the activation of the Phosphatidylinositol 3-kinase and mammalian target of rapamycin (PI3K-mTOR) signaling pathway, immobilization, denervation, aging, or diseases such as cancer may induce muscle atrophy [1] . In muscle cells, the autophagy-lysosome and the ubiquitinproteasome systems (UPSs) are the main protein degradation mechanisms [2, 3] . In particular, the UPS is responsible for the degradation of the majority of cytoplasmic proteins [4] .
The UPS requires the tagging of substrates by ubiquitin via an enzymatic cascade [4, 5] . First, the E1-ubiquitin activating enzyme covalently attaches to ubiquitin through an ATP-driven step. Once activated, ubiquitin is transferred to E2-ubiquitin conjugating enzymes. The last step requires the concerted action of an E2-enzyme and an E3-ubiquitin ligase, which transfer the ubiquitin from the E2-enzyme onto the substrate. Once poly-ubiquitylated, the substrate is targeted to the proteasome for degradation.
Cullin-RING (really interesting new gene) ligases (CRLs) represent the largest family of E3-ubiquitin ligases in mammalian cells [6, 7] . In order to form CRL complexes, each cullin, which forms the backbone of the E3-ligase complex, interacts modularly with RING (really interesting new gene) domain proteins Rbx1 or Rbx2 that are in turn bound to E2-enzymes. Each member of the cullin protein family binds also to a specific subset of adaptor proteins, thereby achieving specificity for a range of cellular substrates. The activity of CRL is regulated by the post-translational modification of the cullin protein with the small ubiquitin-like protein nedd8 [6] [7] [8] . The essential role of CRL for adult muscle homeostasis has been unraveled by the discovery that nedd8 is almost exclusively expressed in muscles [9] , and the discovery of the requirement of cullin-1 and its substrate adaptor atrogin-1 (MAFbx, Fbxo32), to mediate muscle atrophy [10] . However, while largely uncharacterized, there is an emerging role for other substrate adaptors for cullin-1 and CRL complexes that are formed by other cullin proteins, like cullin-3, for myogenesis and skeletal muscle development [11] .
In the last 20 years, the role of CRLs has been mainly investigated in the context of cancers, revealing a plethora of functions relevant for carcinogenesis [12, 13] . So far, many of the identified CRL substrates play a role in cell cycle progression [14] , such as Cyclin E [15, 16] that is a gatekeeper of the passage from the G1 phase to the S phase. Therefore, CRL recently became an attractive potential anticancer target [17] , and the discovery of inhibitors of cullin neddylation, such as MLN4924, opened new therapeutic avenues [14] . MLN4924 is currently undergoing clinical trials for various cancer types [18, 19] .
Cancer patients may develop cachexia, a deleterious wasting syndrome that is associated with muscle atrophy and has an impact on the well-being of patients and on the response to the treatment. Indeed, cachexia is a devastating and often irreversible syndrome observed in up to 80% of cancer patients [20] . Most importantly, cachexia has been shown to be responsible for the death of 20% of all cancer patients [21, 22] . In mice, defects in skeletal muscle regeneration and satellite cell differentiation due to a deregulation of Pax7 expression have been demonstrated to contribute to cancer cachexia [23] . Indeed, the efficiency of muscle mass and its maintenance in cancer patients has been used as an independent predictor of mortality in some cancers [24, 25] and should be closely monitored.
To date, no data are available regarding the effect of a loss of CRL activity on muscle cell differentiation and the effect of MLN4924 on muscle cells. Given the emerging role of CRL substrate adaptors in muscle development and disease [11] , we decided to address the function of CRL in myogenesis and myotube formation by using MLN4924 and siRNA experiments.
Our data revealed, for the first time, that CRL activity is required for myoblast differentiation and for the commitment of the skeletal muscle stem cells into the myogenic differentiation program. Our data highlight that MLN4924, a CRL activity inhibitor used currently as a potential cancer therapy, has potentially negative side effects on muscle cell differentiation through, in part, the regulation of myogenin expression. Given the systemic delivery of MLN4924 in cancer patients during clinical trials [18, 19] , our results suggest the necessity to closely monitor skeletal muscle mass and muscle regeneration in treated patients.
Results

CRL inhibition prevents myotube formation
Cullin activity is known to be important during muscle atrophy, as the cullin-1 substrate adaptor atrogin-1 (MAFbx, Fbxo32) is among the best-characterized muscle atrogins. We set out to investigate whether cullin activity is also changed during muscle differentiation and whether there is a requirement for cullin-mediated protein degradation during myotube formation. Levels of nedd8-modified proteins at approximately 80 kDa, which can be attributed to neddylated versions of cullin-1, cullin-2, cullin-3, cullin-4A, or cullin-5, increased significantly over the first 2 days in differentiation to decrease back to levels found during proliferation ( Fig. 1A and B) . Intriguingly, this change on the protein level was not mirrored on the RNA level, where total nedd8 mRNA increased more than twofold over the same period (Fig. 1C) . The observed increase in neddylation is indicative of changes to cullin activity. We further used the nedd8 activating enzyme E1 subunit 1 (NAE1) inhibitor MLN4924 [26] that interferes with the activation of all figure. (G) Percentage of counted myotubes with 2-3, 4-6, 7-10, or more than 11 nuclei per myotube, from C2C12 cultures exposed to 330 nM MLN4924 after 1, 2, or 3 days of differentiation or vehicle control (DMSO). (H) Immunoblot analyses of cullin-1, cullin-3, and nedd8 expression levels of C2C12 cells in proliferation (Pro) or after 5 days in differentiation (Diff) medium with 300 nM MLN4924 (+) or vehicle control (DMSO, −). GAPDH was used as loading control. cullin E3-ligases to investigate whether cullinmediated protein degradation is required for muscle differentiation. Confluent cultures of C2C12 myoblasts were incubated in the presence of 330 nM MLN4924 supplemented to the differentiation medium and allowed to differentiate for 5 days. While the vehicletreated control cells formed long, multinucleated myotubes, C2C12 cells treated with the inhibitor failed to form myotubes (Fig. 1D) . In order to investigate the time point at which cullin activity is critical during myotube formation, we investigated the levels of nedd8-modified proteins over the course of muscle cell differentiation and set up a timed inhibitor treatment experiment. This experiment also tests whether the identified peak for the neddylation of cullin proteins over the first couple of days is important for the differentiation of myoblasts into myotubes. Differentiating C2C12 cultures were treated with MLN4924 1, 2, or 3 days after change into differentiation medium and were cultured for a total of 5 days. Differentiating cells showed a lack of myotube formation upon inhibitor treatment 1 or 2 days after differentiation. However, some myotubes were found when the inhibitor was added 3 days after the start of differentiation (Fig. 1E) , as also observed when we measured the fusion index (i.e., number of nuclei per myotube; Fig. 1F ). Accordingly, the distribution of nuclei per myotube revealed a strong accumulation of small myotubes containing 2-3 nuclei and a severe decrease in the number of large myotubes containing N 7 nuclei after 5 days of differentiation (Fig. 1G ). These data indicate that cullin E3-ubiquitin ligase activity is crucial at the onset of the myotube formation at around 1-2 days of differentiation, with a weaker effect at later stages. Cullin protein levels (overall band intensity) and activity (as measured by the super-shifted "neddylated" cullin) return to levels observed in proliferative C2C12 cells 5 days after the start of differentiation for cullin-1 and cullin-3 (Fig. 1H ). Treatment with MLN4924 shows decreased or absent cullin activity, congruent with largely reduced nedd8 levels, validating the efficiency of the inhibitor on C2C12 cells (Fig. 1H) .
Next, we investigated the dose-response for the effect of cullin inhibition on myotube formation.
We treated differentiating C2C12 cells with 30 nM, 130 nM, 230 nM, or 330 nM MLN4924 or with vehicle control. Microscopic brightfield and immunofluorescence images of C2C12 cells 5 days after the start of differentiation indicated that as little as 130 nM MLN4924 was sufficient to significantly reduce the fusion index to about 40% of control levels, with higher doses showing a more severe inhibition of myotube formation ( Fig. 2A and B and Supplementary Fig. S1A ). Immunoblot analysis of C2C12 cells differentiated with increasing amounts of MLN4924 also show gradual loss of 80-kDa nedd8-modified proteins and sarcomeric myosin heavy chain (MyHC) expression (Fig. 2C) , in agreement with a decrease in fusion index (Fig. 2B) .
To verify that the inhibition of cullin activity by MLN4924 is specific and works through a deficiency in neddylation, we used small interfering RNA (siRNA). Proliferating C2C12 were transfected with either siRNA directed against nedd8 or a scrambled control and were allowed to differentiate for 5 days. Specific knockdown of nedd8 that results in significantly decreased cullin neddylation at approximately 80 kDa was verified by immunoblots ( Fig. 2D and Supplementary Fig. S1B ). Inhibition of cullin activity by nedd8 siRNA also led to a reduction in total ubiquitylation, as observed in immunoblot assays (Supplementary Fig. S1C and D) . Immunofluorescence analysis of differentiated C2C12 myotubes transfected with siRNA against nedd8 fails to form myotubes ( Fig. 2E and Supplementary Fig. S1E ), similar to MLN4924-treated cells ( Fig. 2A ; 330 nM MLN4924). The failure to form multinucleated myotubes in nedd8 siRNA-transfected C2C12 is also reflected in the low fusion index measured for these cells compared to controls (Fig. 2F) . Analysis of MyHC expression (Fig. 2G ) further validated that C2C12 transfected with siRNA against nedd8 fail to differentiate, similar to MLN4924-treated cells (Fig. 2C) .
These data indicate that cullin activity is crucial for the formation of multinucleated myotubes and the expression of key muscle-specific genes, like sarcomeric MyHCs, during terminal muscle differentiation. The action of MLN4924 is specific and inhibits muscle formation in a dose-dependent way. 
Cullin inhibition prevents entry into the terminal myogenic differentiation program
Because we observed a complete loss of sarcomeric MyHC expression (Fig. 2) , we wondered whether nedd8 inhibition interferes globally with the activation of critical muscle genes and entry into the terminal muscle differentiation program. We tested the expression of muscle proteins critical for myofilament formation, like sarcomeric alpha-actinin, using immunofluorescence and immunoblot assays. While MyHC and alpha-actinin expression was upregulated in differentiating control cells, MLN4924-treated cells largely failed to express these muscle proteins crucial for myofibrillogenesis ( Fig. 3A and B) . Similarly, desmin levels in nedd8 inhibitor-treated cells remain comparable to those found in undifferentiated proliferating myoblasts (Fig. 3A) .
Muscle gene expression is regulated by several myogenic transcription factors, including myogenin. We tested myogenin protein levels in inhibitor-treated and vehicle-treated control cells and compared them to proliferating myoblasts. Intriguingly, myogenin protein levels in MLN4924-treated C2C12 cells remained low, comparable to proliferating myoblast cultures (Fig. 3C ). This result indicates that cullin activity is required to enter into the myogenic differentiation program. C2C12 cells treated with MLN4924 show low neddylation levels of cullin proteins (Fig. 3D ), fail to enter into the myogenic differentiation program, display a 60% reduction in myogenin protein levels (Fig. 3E) , and hence exhibit low expression levels of muscle proteins required for myofibrillogenesis, like sarcomeric MyHC ( Fig. 3C and F) .
In summary, these data indicate a crucial role for cullin E3-ubiquitin ligase activity in the entry into the terminal myogenic differentiation program, as crucial muscle transcription factors, like myogenin, are not induced upon myoblast differentiation. Consequently, inhibitor-treated cells fail to upregulate muscle-specific proteins, like MyHC or alpha-actinin.
Mouse and human satellite cells treated with MLN4924 fail to differentiate C2C12 cells were originally isolated from dystrophic mouse muscle [27] but have since been widely used as a standard model for muscle cell differentiation and myofibrillogenesis [28] [29] [30] [31] . We wondered whether the findings from this cell line would be reproducible with primary cultures of isolated mouse and human muscle stem cells (satellite cells).
To test this, we freshly isolated muscle stem cells from mouse hind limbs and differentiated them in the presence or absence of MLN4924. Similar to differentiating C2C12 cells, muscle stem cells did not form myotubes in the presence of MLN4924 (Fig. 4A ) and failed to enter into the terminal myogenic differentiation program, as MyHC expression was found to be reduced, compared to vehicle-treated controls (Fig. 4B) . In resemblance to inhibitor-treated C2C12 cells, the reduction in MyHC parallels the inhibitory effect on cullin activity, as seen in a loss of the neddylated form of cullin-1 (Fig. 4B, upper panel) . In addition, the effect of MLN4924 on muscle cell differentiation is also readily observed in human muscle stem-cell-derived myoblasts, which failed to differentiate into myotubes after 3 days in the presence of 330 nM MLN4924, as demonstrated by the lack of multinucleated myotubes expressing MyHC and myogenin ( Fig. 4C and D) .
Cullin inhibition interferes with acetylcholine receptor (AChR) clustering
We demonstrated that cullin E3-ubiquitin ligase activity is crucial for entry into the terminal myogenic differentiation program and myotube formation. Another important step during skeletal muscle differentiation is the formation of neuromuscular junctions (NMJs).
During NMJ formation, AchRs are densely packed into clusters. This step is initiated by the expression of agrin [32] . In vitro, the clustering of AchR can be induced by treating myotubes with neural agrin. We tested if cullin activity is also required for this step in the skeletal muscle differentiation program, by treating differentiated myotubes at day 5 with agrin overnight in the presence or absence of MLN4924. While vehicletreated control C2C12 myotubes demonstrated AChR clustering upon agrin stimulation, inhibitor-treated control cells showed reduced cluster formation (Fig. 5A ). To see whether this effect is statistically significant, we measured several parameters, including myotube length (Fig. 5B) , the number of nuclei per myotube (Fig. 5C ), the number of AChR clusters per myotube (Fig. 5D ), the number of AChR clusters/mm 2 ( Fig. 5E ), and the AChR cluster length/mm 2 ( Fig. 5F ). While MLN4924 treatment of differentiated myotubes does not alter myotube length, the number of nuclei per myotube or the number of AChR clusters per myotube, the cluster density (cluster/mm 2 ), and length (cluster length/mm 2 ) were slightly but significantly reduced. These data point toward another potential function for cullin activity, in the formation of the neuromuscular junction.
The effects of cullin inhibition on terminal muscle differentiation are reversible MLN4924 is currently undergoing clinical trials as a potential approach for the treatment of various cancers, including acute myelogenous leukemia [14, [33] [34] [35] . Drug escalation studies [34] and other clinical trials † administer the drug typically either on an intermittent protocol (e.g., on days 1, 4, 8, and 11 of a 2-week protocol) or continuously for up to 5 consecutive days. Analysis of molecular data from mice indicates that MLN4924 disrupts cullin-mediated protein turnover in tumor cells, leading to apoptosis caused by a deregulation of S-phase DNA synthesis [14] . Our data revealed the requirement of cullin activity for myoblast differentiation and led us to question whether the effect of MLN4924 on C2C12 myotube development and terminal differentiation is permanent or reversible.
C2C12 cells undergoing differentiation were treated for 5 days with 330 nM MLN4924 and were subsequently allowed to recover for 5 days in differentiation medium. Cells that were undergoing this treatment were able to differentiate into myotubes (Fig. 6A ). These cells also upregulated MyHC and desmin, indicating successful entry into the terminal myogenic differentiation program. When we investigated the fusion index, recovered cells were more comparable to C2C12 cells that were differentiated for 5 days than to C2C12 that were 10 days in the differentiation medium (Fig. 6B) . These data suggest that MLN4924 temporarily interrupts myotube formation and muscle cell differentiation but that the effects of the drug are reversible in vitro. The investigation of MyHC expression levels further substantiated that a recovery of C2C12 differentiation upon the removal of MLN4924 is evident. MyHC protein levels in C2C12 cells treated for 5 days with MLN4924 and subsequently left to recover in the normal differentiation medium showed comparable MyHC expression to differentiated control cells ( Fig. 6C and D) . 
MLN4924-mediated blockage of the terminal myogenic differentiation program is partially overcome by removing epigenetic DNA modifications
Recently, a zinc finger and Bric-a-Brac, Tramtrack, Broad-complex (BTB)-domain-containing protein, ZBTB38 (CIBZ), were shown to be important for the initiation of the myogenic program [36] . ZBTB38 acts as a transcriptional repressor for myogenin expression in proliferative C2C12 myoblasts. Its repressor function can be overcome by treating C2C12 cells with 5-aza-dC (Aza), which is a DNA-methylation inhibitor. DNA methylation is required for ZBTB38 binding to the myogenin promoter and the repression of myogenin expression [36] . We therefore wondered if additional treatment of C2C12 with Aza may overcome some of the inhibitory effects of MLN4924 on terminal muscle cell differentiation. Indeed, C2C12 cells differentiated in the presence of Aza and MLN4924 show elevated expression of alpha-actinin and increased occurrence of alpha-actinin-positive cells (Fig. 7A-C) . Next, we asked whether Aza may indeed contribute to the release of the repression of the myogenin promoter by ZBTB38 in the presence of MLN4924. Quantitative PCR analysis of Aza-treated C2C12 cells in the presence of MLN4924 shows a slight but significant increase of myogenin expression compared to C2C12 cells in the presence of MLN4924 alone (Fig. 7D) . In fact, MLN4924-treated C2C12 show levels of myogenin transcripts similar to those found in proliferating myoblast cultures.
The increase in myogenin expression may explain how the Aza treatment of differentiating C2C12 in the presence of MLN4924 is able to overcome some of the inhibitory effects on muscle differentiation and may result in the increased mRNA and protein levels of alpha-actinin (Fig. 7A-C) and MyHC without affecting nedd8 expression (Fig. 7E) .
The fusion index was also improved by the treatment with Aza (Fig. 7F) , and the number of myotubes with N 4 nuclei was increased compared to MLN-treated cells (Fig. 7G) .
Protein levels of myogenic repressors Bhlhe41 and Id1, but not that of ZBTB38, are mediated through the activity of cullin E3-ligases
In an attempt to determine molecules that might be responsible for the failure to enter into the terminal myogenic differentiation program in cells deprived of cullin activity, we decided to focus on transcriptional factors important for differentiation. Interestingly, several transcriptional repressors of myogenesis are robustly expressed in proliferating myoblasts and decrease on the protein level within 24 h after the start of differentiation. Among them, ZBTB38 (CIBZ), Bhlhe41, and Id1 represent potential CRL substrates, because they either contain a BTB domain that indicates their interaction with cullin-3 [37, 38] , or due to the regulation of their degradation [39] , or because of their known interaction with a cullin substrate adaptor [40, 41] . While ZBTB38 protein levels are downregulated during differentiation, its mRNA levels remain unchanged throughout differentiation [36, 42] (Supplementary Fig. S2A ). In addition, the differentiation-dependent loss of ZBTB38 on the protein level can be blocked by the proteasome inhibitor MG132, indicating that the ubiquitin-proteasome pathway is actively regulating ZBTB38 protein levels [42] . In contrast, both Id1 and Bhlhe41 are decreased on the transcriptional and the protein level in differentiating myoblasts [39, 43] .
ZBTB38 contains a BTB domain, whose function poises the protein for interaction with the cullin-3-based E3-ubiquitin ligase [37, 38] . We asked therefore whether the effect of MLN4924 on myoblast differentiation might be linked to this protein and its regulated degradation by cullin-3. We analyzed ZBTB38 protein levels in differentiating C2C12 cells in the presence of MLN4924 and in combination with Aza (Fig. 8A) . While ZBTB38 protein levels decrease significantly during differentiation, a finding that has been reported previously [36, 42] , treatment with MLN4924, was unable to block its active degradation. Intriguingly, however, the additional incubation with Aza was consistently able to restore ZBTB38 protein levels comparable to those in proliferative C2C12 cells.
The fact that MLN4924 treatment was unable to prevent the degradation of ZBTB38 indicates that cullin E3-ligases, and more specifically a cullin-3-based E3-ligase, may not responsible for its poly-ubiquitylation and subsequent degradation. To ultimately rule out the putative involvement of cullin-3 for ZBTB38 degradation, we investigated whether both proteins are able to associate in co-immunoprecipitation (CoIP) and pull-down assays. No interaction was found either when probing the interaction with endogenous proteins from differentiating C2C12 cells (Fig. 8B) or when using the purified ZBTB38 BTB domain in combination with C2C12 protein lysates (Fig. 8C) . A possible mechanism of how ZBTB38 levels might be regulated is found when we investigate changes to the subcellular localization of the protein during skeletal muscle differentiation. We observed a marked shift from a predominantly nuclear localization of ZBTB38 in proliferating C2C12 cells to a predominantly cytoplasmic localization in differentiated C2C12 cells (Fig. 8D) , a mechanism that has been also observed for the degradation of Id1 [39] . We further investigated if MLN4924 treatment disrupted this shift in subcellular localization and found significant differences between MLN-treated and control cells 2 days after differentiation, indicating that cullin-based E3-ligases might indirectly be responsible for the nuclear exclusion of ZBTB38, but not for its direct degradation ( Supplementary Fig. S2B and C) .
In contrast to ZBTB38, MLN4924 treatment of differentiating myoblasts increases both Id1 and Bhlhe41 protein but not mRNA levels 2 days after the start of differentiation when compared to untreated control cells, which demonstrate a marked loss of these proteins (Fig. 8E and Supplementary Fig. S2D ). In summary, our data indicate that cullin-based E3-ligases might be responsible for the degradation of myogenic repressors Id1 and Bhlhe41, but not that of ZBTB38. figure. (B and C) Analysis of protein interaction between cullin-3 and either full-length ZBTB38 in a CoIP experiment (B) or the BTB domain of ZBTB38 only in a GST-pull-down experiment (C) indicates no association between the two proteins. GAPDH and normal rabbit-IgG were used as controls in (B). GST alone was used as control in (C). Abbreviations: IN, Input; FT, flow-through; IP, immunoprecipitate; CTL, control. (D) Analysis of subcellular ZBTB38 distribution during proliferation and differentiation at 2 and 5 days in C2C12 cells. Cells were stained with an antibody against ZBTB38 and labeled with DAPI to outline nuclei. Arrows indicate primarily nuclear and localized ZBTB38 in proliferative and undifferentiated C2C12 cells, whereas arrowheads point to nuclei of differentiated C2C12 cells. Scale bar represents 50 μm. (E) Analysis of Bhlh41 and Id1 protein levels during proliferation (Pro) and 2 days after the onset of differentiation (Diff.) in the presence (MLN) or absence (Ctl) of MLN4924. Ponceau staining of total proteins (actin band) was used as loading control.
Discussion Cullin functions for terminal muscle cell differentiation
The differentiation process from the pluripotent progenitor stem cell to skeletal muscle stem cells (satellite cells), into functional skeletal muscles, which are anchored and organized into muscle-tendon units, underlies a complex system of biological steps and developmental milestones (Fig. 9) . Each of those steps is characterized by the change in the genetic program that is derived by the induction of musclespecific transcription factors like MyoD or myogenin (and the disappearance of proliferation markers like PCNA [45, 46] ) and the expression of characteristic muscle proteins or differentiation "milestones", like myoblast fusion, the formation of the neuromuscular junction, or muscle innervation. The premise of our experiments was to delineate the role that cullinbased E3-ligases play for the early steps in the terminal skeletal muscle cell differentiation program. The role for various cullin E3-ligase substrate adaptors during muscle atrophy and various forms of skeletal muscle myopathy is very well investigated. Specifically, the functions of the cullin-1-specific substrate adaptor atrogin-1 (MAFbx, Fbxo32) [10] , and more recently through cullin-3 interacting substrate adaptors [11, 47, 48] , are well characterized. However, investigations into the biological functions of cullin E3-ligases activity during muscle cell differentiation are largely lacking.
By using the C2C12 skeletal muscle cell line, and the small inhibitor MLN4924 that acts downstream of the Nae1 E1-enzyme on cullin activity, we were able to tease out the role for this class of ubiquitin ligases for three of the crucial steps during skeletal muscle differentiation: commitment to the terminal myogenic differentiation program, myoblast fusion, and AChR clustering.
Commitment to the terminal myogenic differentiation program
The requirement of cullin activity for the entry into the terminal myogenic differentiation program is one of the major findings of our study. Reasoning that cullin-mediated E3-ligase function may be required for the degradation of an inhibitory factor/repressor for myogenic transcription factors, we screened for proteins that are known to be degraded by cullin-based ubiquitin ligases, interact with a protein that contains one of the known cullin substrate adaptor domains (e.g., F-box domain, VHL-box domain, BTB/ POZ domain, or SOCS domain), or is a protein that itself incorporates a cullin substrate adaptor domain.
A multitude of proteins have been shown to act as a repressor for the entry into the myogenic program.
Examples include ATBF1-A (ZFHX3) [49] , Id1 [50, 51] , Teashirt-3 [52] , Hey-1 [53] , HMGA1 [54] , the MBD2-interacting zinc finger protein MIZF [55] , Staufen1 [56] , JAZF1 [57] , Foxk1 [58] , Bhlhe41 (DEC2, Sharp1) [43] , or ZBTB38 (CIBZ) [36, 42] . Little is known about any association of these proteins to cullin-linked protein degradation. Only Bhlhe41 was shown to interact with Fbxw11 (beta-TRCP2) [40] , a known substrate adaptor for cullin-1 [41] , thereby indicating that this basic helix-loop-helix transcription factor may be degraded in a cullin-dependent way. Although Id1 and ZBTB38 have been shown to be degraded through the ubiquitin proteasome system [39, 42] , it remained unclear if cullin E3-ligases play a role in their degradation. However, the zinc finger protein ZBTB38 contains a BTB domain, predisposing the protein to interact with cullin-3 [37, 38] . Hence, we decided to focus on these three repressor proteins and investigated if the loss of their regulated degradation in the absence of CRL activity could be responsible for the lack of terminal muscle cell differentiation.
Our data show that ZBTB38 protein degradation is not regulated through a cullin E3-ubiquitin ligasedependent mechanism and that the protein does not associate with cullin-3. Thereby, our data add for the first time ZBTB38 to the short list of BTB domain proteins that were recently shown to not bind to cullin-3 [59, 60] .
We also investigated Bhlhe41 and Id1 protein levels, which are found to be decreased during differentiation. Treatment with MLN4924 led to their accumulation, with protein levels similar or in excess to the undifferentiated state of C2C12 cells, thus indicating that both myogenic repressors are potential targets for cullin-mediated protein degradation.
An unexpected finding of our experiments to reverse the MLN4924-induced blockage of terminal skeletal muscle differentiation was that the addition of 10 μM Aza to the medium enhanced ZBTB38 protein levels. Aza has been shown to induce ubiquitin C-terminal hydrolase L1 (UCHL1), a de-ubiquitylating enzyme [61] , thereby promoting the stability of poly-ubiquitylated substrate proteins. This mechanism might be responsible for the observed increase in ZBTB38 protein levels. Intriguingly, UCHL1 protein levels are decreased during muscle differentiation [62] but can be elevated in atrophic muscles [63, 64] . UCHL1 was also required to maintain the structure of the NMJ, although not in the postsynaptic muscle, but in the presynaptic nerve [65] .
Myoblast fusion
Myoblast fusion is another important step during skeletal muscle differentiation. The fusion process has been shown to involve cell migration, cell recognition and adhesion, cytoskeletal remodeling, fusion-related activation of signaling pathways, and assembly and activation of proteins that make out the "fusion machinery", which leads to membrane remodeling and ultimately the fusion of the differentiating myoblasts (for a review, see Refs. [66, 67] ). We noted in our timed inhibitor experiment (Fig. 1E-G) and in the experiments involving Aza (Fig. 7A-C and F) a lack of myoblast fusion.
Specifically, the addition of MLN4924 after 3 days of differentiation still leads to a pronounced defect in the fusion index (Fig. 1F) , when compared to control cells, despite the fact that the expression of many transcription factors necessary for terminal muscle differentiation (e.g., myogenin [68] ), and the proteins that are involved in the fusion of myoblasts (e.g., myomaker (TMEM8C) [69] ), already peak at this stage during myotube development and hence should not be affected by the inhibition of CRL functions. Moreover, in our experiments involving Aza, we also noticed a lack of expected myoblast fusion. This is mostly based on the discrepancy between alpha-actinin positive cells after the additional treatment with Aza (Fig. 7C) , which leads to a more pronounced increase, compared to the measured increase in the fusion index (Fig. 7F) . This discrepancy might be attributed to a defect in myotube fusion that is not overcome by Aza treatment.
AChR clustering
NMJ development and formation rely on AChR clustering. In vivo, this developmental step is dependent on signaling molecules coming from both presynaptic (i.e., neural agrin) and postsynaptic (i.e., MusK, Rapsyn) elements [70] . Recently, data revealed that neddylation is involved in synapse structure and maintenance in hippocampal neurons [71] . However, the effect of the loss of CRL activity on the postsynaptic element of neuromuscular junction has never been investigated. In vitro, AchR clustering can be induced by treating myotubes with neural agrin [72] . Our data indicate that agrin-induced AChR clustering is impaired in the absence of cullin activity. Interestingly, Rpy-1, the ortholog of Rapsyn in Caenorhabditis elegans, can be degraded by a CRL [73] , suggesting unexplored functions for CRLs and their substrates in the formation of NMJ. Our data indicate that a defective ubiquitylation activity through CRL inhibition might interfere either with the abundance of proteins that are important for neuromuscular junction development or with cytoskeletal remodeling that has been shown to be important for the agrin-induced AchR clustering process [74] [75] [76] [77] [78] [79] . Indeed, several members of the cullin protein family associate with and are capable of remodeling actin and tubulin filaments in non-muscle cells [80] [81] [82] [83] [84] . The biological function of these CRLS at the cytoskeleton may also extend to myoblasts, as we find cullin-3 associated with the tubulin cytoskeleton in skeletal muscle myoblasts (Supplementary Fig. S3 ). Further investigation will be needed to understand the importance of the turnover regulation of proteins involved in synaptogenesis and NMJ formation [70] .
Clinical implications for cullin inhibition
Unexpectedly, this study also brings up a potential therapeutic concern for patients treated with MLN4924. Cullin-based E3-ubiquitin ligases play a major role for cell survival and signaling. Indeed, most of the biological roles for cullin-based E3-ubiquitin ligases have been assigned to fundamental functions like their critical involvement in the cell cycle, apoptosis, cell migration, or cell proliferation. These attributes have made cullin proteins an attractive anticancer target [14, 17, [85] [86] [87] . While CRL functions can be disrupted in many ways, MLN4924 (Pevenedistat) has emerged as one of the first compounds to be tested in phase I clinical trials, as it is effective against a variety of cancers and is able to inhibit the entire family of cullin-based ubiquitin ligases [85] . Although the concentrations and administration regiments used for tests in mice and in clinical trials vary, dosages of up to 150 mg/kg have been reported [33] , which equal to a "global" MLN4924 concentration of approximately 350 μM for the average mouse with a weight of 40 g, or a human with a weight of 69 kg. Data from our doseresponse curve (Fig. 2B) indicated that the IC 50 of MLN4924 on the C2C12 myotube fusion index is approximately 100 nM, more than 3 magnitudes lower than the approximate concentration achieved in vivo. Although our IC 50 value on the fusion index of 100 nm is 25 times higher than the reported IC 50 of NAE1 itself, it is at least 10 times lower than MLN4924 inhibition of NAE1-related enzymes UAE, SAE, UBA6, or ATG7 [14] . The measured IC 50 of MLN4924 on the fusion index indicates that the observed effects are likely due to the inhibition of NAE1 and the subsequent suppression of cullin E3-ligase activity, and not the off-target effects of NAE1-related enzymes. This finding is also supported by our siRNA experiment that specifically inhibits cullin activation through the knockdown of nedd8 ( Fig. 2D and E) .
Numerous cancer patients develop a pathological muscle loss, a symptom associated with the cachexia syndrome. Cachexia is estimated to be responsible for the death of 20% of patients with cancer [22] . A recent study revealed that muscle regeneration and satellite cell differentiation are affected in cachectic mice and that defective myogenesis may participate in muscle wasting observed in patients [23] . For the first time, we show that MLN4924, a drug used in clinical studies for cancer therapy, may interfere with the terminal muscle cell differentiation in vitro. If validated in vivo, a synergistic effect of MLN4924 over the myoblast differentiation program combined with the satellite cells defect observed in cachectic patients [22, 23] would be detrimental. It seems essential to closely monitor the skeletal muscles of patients treated with MLN4924 in future studies.
Material and Methods
C2C12 and primary myoblast cell culture and reagents C2C12 cells were grown in Dulbecco's modified Eagle's medium (Corning Life Sciences, Tewksburry, MA) containing 4.5 g/l glucose, supplemented with 15% fetal bovine serum (FBS; Gemini Bio-Products, Sacramento, CA) and penicillin-streptomycin (Cellgro). Cells were maintained at 37°C in a saturated humidity atmosphere containing 5% CO2. Differentiation of C2C12 myoblasts was triggered when cells reached 70% of confluency by replacing FBS with 2% horse serum (HS; Lonza BioWhittaker, Basel, Switzerland). The fusion index was calculated as the mean number of nuclei per myotube at day 5 of differentiation. Myotubes were defined as sarcomeric MyHC or alpha-actinin positive cells containing at least 2 nuclei.
Mouse primary myoblasts were obtained by the dissection of hind limb muscles from 1-month-old mice. Muscles were digested in Collagenase B-Dispase II (Roche, USA) solution for 30 min at 37°C. Cell suspension was filtered through a 75 -μm cell strainer, pelleted via centrifugation, resuspended in Ham's complete medium (Ham's F-10 media, Corning Life Sciences, Tewksburry, MA), 20% FBS, 2% penicillin-streptomycin (Cellgro) and bFGF (5 ng/mL; Invitrogen, Carlsbad, CA), and pre-plated on uncoated dish for 2 h at 37°C with 5% CO2. Supernatant was collected and plated on 0.2% gelatin (Sigma, Saint-Louis, MO)-coated dish, and cells were incubated at 37°C with 5% CO2. Ham's complete medium was refreshed every 2 days. Differentiation of cells was achieved with 2% HS (Lonza BioWhittaker, Basel, Switzerland).
MLN4924 compound was purchased from LifeSensors, Inc. (Malvern, PA) and redissolved in DMSO, and stock solution was stored at a concentration of 1 mM at − 20°C. Aza was purchased from Fisher Scientific and redissolved in DMSO. Working solutions were prepared by dilution of stock solution into culture media. Media with inhibitors were refreshed every 48 h. Control cells were treated with a corresponding concentration of DMSO (Sigma-Aldrich).
We purchased a 90-KDa recombinant rat agrin compound from R&D Systems (Minneapolis, MN) and reconstituted it in sterile phosphate-buffered saline (PBS) containing 0.1% BSA. AChR clustering was induced by overnight incubation with 5 ng/mL recombinant rat agrin.
siRNA Proliferating C2C12 cells were transfected with siRNA directed against nedd8 [ON-TARGETplus mouse nedd8 (18002) individual siRNA; GE Healthcare Dharmacon] or scrambled control (ON-TARGETplus non-targeting siRNA #1; GE Healthcare Dharmacon) using DharmaFECT 1 transfection reagent (GE Healthcare Dharmacon) according to the manufacturer's instructions. Then, 24 h after transfection, cells were changed into differentiation medium and allowed to proliferate for 3 or 5 days before analysis.
Isolation and culture of human myoblasts
Human satellite cells were enzymatically isolated from semitendinosus and gracilis muscle biopsies obtained from typically developing children (n = 8 patients, 16.4 ± 1.6 years old). The University of California San Diego Human Research Protection Program provided ethical approval, and appropriate assents/consents were obtained from children and their parents. Satellite cells were isolated by enzymatic procedures as previously described [88] . Briefly, satellite cells were isolated by sequential digestion in a Collagenase B-Dispase II solution (Roche) at 37°C and resuspended in fluorescence-activated cell sorting buffer before being sorted by flow cytometry. Satellite cells were sorted from other cell populations using specific cell surface markers and were defined as a population of CD31 −/CD45 −/CD56 +/ITGA7 + mono-nucleated cells, as previously published [89] . Satellite cell-derived myoblasts were expanded in vitro in Ham's F-10 medium (Corning Life Sciences, Tewksburry, MA), supplemented with 20% FBS and 2% penicillin-streptomycin (Cellgro) and bFGF (5 ng/mL; Invitrogen, Carlsbad, CA) on 0.2% (porcine) gelatin-coated dishes. To stimulate fusion and myotubes formation, we switched the medium to a low-serum medium containing Dulbecco's modified Eagle's medium (1 g/L glucose) and 2% HS (Lonza BioWhittaker, Basel, Switzerland) when myoblasts reached 60-70% confluence.
Cloning and protein purification
The murine version of the ZBTB38 BTB domain (accession number: NM_175537) was subcloned in frame to the glutathione S-transferase (GST)-C1 vector [90] using murine skeletal muscle cDNA as a template and standard PCR conditions with the following oligonucleotides: ZBTB38-BTB.fwd: CCGCTCGAGC CACCATGACAGTCATGTCCCTCTCC and ZBTB38-BTB.rev: GGAATTCGAGGACCTGGGGAATTTGAG.
The construct was subsequently verified for correct integration by sequencing.
Expression of the GST-tagged BTB domain of ZBTB38 or GST alone was done by transforming BL21 cells (C601003; Invitrogen; ThermoFisher Scientific) and growing them in 400 ml of LB medium supplemented with 50 μg/ml carbenicillin on an orbital shaker at 37°C to an OD 600 of N 600. Expression of the GST-fusion protein or GST alone was induced by the addition of 0.2 mM IPTG and performed for approximately 12 h at 18°C. Cells were pelleted and lysed into 40-ml ice-cold lysis buffer [150 mM NaCl, 10 mM Tris-HCl (pH 8) 1% Triton X100], followed by sonication for 1 min at 4°C and 70% output (Vibracell, Sonics & Materials Inc., Newtown, CT). Insoluble cell debris was removed by centrifugation (45 min at 11,000 rpm, 4°C; Sorvall), and the supernatant was incubated with 400 μl glutathione-Sepharose beads (bioPLUS fine research chemicals) for 2 h at 4°C with agitation. After the washing of beads with ice-cold PBS for three times, bound protein was eluted with GST elution buffer [150 mM NaCl, 50 mM Tris-HCl (pH 7.4), and 150 mM reduced glutathione] and dialyzed overnight at 4°C against dialysis buffer [20 mM Hepes-KOH (pH 7.4), 10 mM MgSO4, and 0.1 mM CaCl2].
Protein interaction assays
To test for the interaction of proteins, we employed either GST-pull-down assays as described previously [90] or CoIP assays.
For CoIP and pull-down assays, confluent cultures of differentiating C2C12 cultures (2 days after differentiation start) were lysed into ice-cold lysis buffer [150 mM NaCl, Tris-HCl (pH 8), 1 mM DTT, 1x Complete Protease Inhibitor EDTA-free (Roche), 1x PhosSTOP (Roche), and 0.2% NP-40]. Insoluble cell debris was removed by centrifugation at 14,000 rpm at 4°C for 10 min. For GST-pull-down assays, cell lysates were incubated with 2 μg of either GST-ZBTB38 (BTB domain) or GST alone for 2 h at 4°C on a rotating shaker, followed by the addition of 20 μl glutathione-Sepharose beads (bio-PLUS fine research chemicals) and additional incubation for 1 h. Beads were washed three times with ice-cold PBS, and bound proteins were analyzed by SDS-page following immunoblot analysis. For CoIP, cell lysates were precleared using G-protein-linked magnetic beads (Dynabeads; ThermoFisher Scientific) for 1 h at 4°C on a rotating shaker. After preclearing, lysates were incubated with 1 μg of primary antibody or control serum for 2 h at 4°C. After the addition of G-protein-linked magnetic beads (Dynabeads), lysates were incubated on a rotating shaker at 4°C for an additional hour and centrifuged, and beads were washed three times with ice-cold PBS. After the last wash, PBS solution was removed, and bound proteins were eluted off the beads using SDS sample buffer. Samples were analyzed using SDS-page, followed by immunoblot analysis.
Extraction of total RNA, RT-PCR, and RT-qPCR analysis
Cells were washed with PBS and then lysed using TRIzol reagent (ThermoFisher Scientific). RNA was extracted according to the manufacturer's instructions. Purity of RNA was assessed by a ratio of absorbance at 260 nm and 230 nm N 1.7. Then, 200 ng of RNA was used for reverse transcriptase reaction using the Maxima First Strand cDNA Synthesis kit (Fermentas; ThermoFisher Scientific) and random hexamers. Oligonucleotides optimized for qPCR of murine myogenin (myogenin.fwd: CTACAGGCCTTGCT CAGCTC; myogenin.rev: AGATTGTGGGCGTCTG TAG), GAPDH (GAPDH.fwd: GCTCATGACCA CAGTCCATG ; GAPDH.rev: GAAGGCCATGCCA GTGAGC), cyclophilin B (cycloB.fwd: GATGGCA CAGGAGGAAAGAG; cycloB.rev: AACTTTGCC GAAAACCACAT), nedd8 (nedd8.fwd: TCTACAGT GGCAAGCAAATGA; nedd8.rev: TTTCTTCAC TGCCCAAGACC), Id1 (Id1.fwd: GCGAGATCAGTG CCTTGG; Id1.rev: CTCCTGAAGGGCTGGAGTC), and ZBTB38 (ZBTB38.fwd: AGGCTGGCGTGTTCT GAG; ZBTB38.rev: CACTGTGAAAGTCGTCCTT GAG) were used in reactions employing the PerfeCTa SYBR green real-time PCR mix (Quanta BioSciences; Beverly, MA) and a CFX96 thermocycler (BioRad; Hercules, CA). Samples were normalized to either GAPDH or cyclophilin B. If not noted otherwise, three biological samples were analyzed per sample group.
Immunofluorescence microscopy
Cells were rinsed one time with PBS, fixed for 15 min with 4% paraformaldehyde, and rinsed three times with PBS. For the labeling of mitochondria, cells were incubated with fluorescently labeled MitoTracker (ThermoFisher Scientific) according to the manufacturer's instructions before fixation. Cells were then permeabilized for 10 min in 1xPBS supplemented with 0.2% Triton X-100 (Sigma Aldrich; St. Louis, MO), washed three times with PBS, and incubated in blocking solution [Gold Buffer (150 mM NaCl and 20 mM Tris (pH 7.4) supplemented with 1% BSA] for 1 h at room temperature before incubation with primary antibodies against pan-sarcomeric MyHC (clone 1025, DSHB), alpha-actinin (clone EA-53, VWR), Desmin (Santa Cruz Biotechnology; Dallas, TX), ZBTB38 (R&D Systems; Minneapolis, MN), myogenin (clone F5D), beta-tubulin (clone E7, DSHB), or MYH7 (clone BA-D5, DSHB) diluted in blocking solution. Primary antibodies were incubated for either 2 h at room temperature or overnight at 4°C. Following incubation, cells were washed three times for 5 min with PBS and incubated with secondary antibodies (all from Jackson Immuno Research Laboratories Inc.; West Grove, PA) diluted into blocking solution for 1 h at room temperature. Secondary antibody mixtures also contained 4′, 6′ diamidino-2-phenylindol (DAPI) and/or fluorescently linked alpha-bungarotoxin (Molecular Probes, ThermoFisher Scientific), Alexa Fluor 488 conjugate of wheat germ agglutinin (ThermoFisher Scientific), or fluorescently labeled phalloidin (Molecular Probes; ThermoFisher Scientific) when appropriate. After washing three times with PBS for 5 min, cells were mounted using fluorescent mounting medium (Dako; Carpinteria, CA). Microscopy was performed using an Olympus FV1000 confocal microscope using the 20 × air objective, the 40 ×, or 63 × oil immersion objective and zoom rates between 1 and 3 in sequential scanning mode.
Evaluation of fluorescent cytoplasmic versus nuclear ZBTB38 localization ratios was done as described previously [71] , using ImageJ (1.48v) [91] and Excel.
Staining and quantification of AChRs in C2C12 myotubes
After 5 days of differentiation, myotubes were treated with MLN4924 compound or DMSO for 1 day and then incubated with recombinant rat agrin overnight at 37°C in 5% CO2. Treated cells with recombinant rat agrin were fixed in 4% paraformaldehyde (PFA) for 10 min. Quantification of AChR expressed at the myotubes surface was determined by incubating fixed cells with fluorescein isothiocyanate (FITC) conjugated alpha-bungarotoxin (Molecular Probes, ThermoFisher) for 1 h at room temperature. Confocal microscopy was performed using a Zeiss Axioplan 2 upright confocal microscope (Carl Zeiss Inc., Thornwood, NY). Area, number, and size of AChR were assessed using ImageJ (1.48v) software [91] .
Western blot analysis
Cells were washed in PBS and put in lysis buffer [150 mM NaCl, 50 mM Tris-HCl (pH 8), 0,1% Triton-100, 1x Complete EDTA-free protease inhibitor (Roche; Indianapolis, IN), and 1x PhosStop phosphatase inhibitor (Roche; Indianapolis, IN)] for 20 min on ice. Lysates were sonicated and spun for 10 min at 10,000g. After the quantification of protein concentration using Pierce BCA Protein Assay Kit (ThermoFisher Scientific; Whaltham, MA), 5 to 15 μg of clarified lysates was separated by SDS-PAGE. Transfer was performed on nitrocellulose membranes (BioRad). Membranes were incubated with blocking solution (TBS-Tween containing 5% BSA) for 1 h at room temperature and then incubated with antibodies against cullin1 (Sigma Aldrich; St. Louis, MO), cullin3 (Sigma Aldrich; St. Louis, MO, or gift from J. Singer), nedd8 (Cell Signaling; Danvers, MA), pan-sarcomeric MyHC (clone 1025, DSHB), myogenin (clone F5D, from DSHB and Abcam), ZBTB38 (R&D Systems; Minneapolis, MN), Bhlhe41 (ARP33575; AVIVA Systems Biology, San Diego, CA), Id1 (sc-133,104; Santa Cruz Biotechnologies), or GAPDH (Santa Cruz Biotechnologies) in blocking solution overnight at 4°C. After washing, secondary horseradish peroxidase (HRP) linked antibodies (DAKO, Cell Signaling) were applied for 1 h at room temperature. After washing, antibody-bound proteins were visualized on X-ray films. Quantification of band intensities was performed using ImageJ software (1.48v) [91] .
Statistical analysis
Significance was assessed using the two-tailed student's t-test. Data are expressed as mean ± standard error of the mean, and differences were considered statistically significant if p b 0.05.
Accession numbers
The mouse ZBTB38 mRNA accession number type ID is NM_175537.
Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.jmb.2017.02.012.
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